Q-estimation based on the spectral ratio method works perfectly only for a noise free homogeneous medium under far-field conditions. The Sommerfeld integral for layered earth situations is utilized in this contribution to compute the down going wave field of synthetic anelastic VSP's by numerical integration. Q is then estimated from the generated model traces and compared to the original model input parameter Q. Q-estimation errors are found to be considerable in the vicinity of single interfaces investigated and in the near-field.
Introduction
VSP measurements are made with down-hole receivers and their first arrivals are considered to be multiple free. In fact, an entire time zone following the first arrivals is said to be multiple free and corridor stacks are computed for this zone. However, transmission effects will modify the amplitude behavior even of isolated down-going wave fields. What would the sensitivity of Q-factors estimated from first arrival amplitudes with respect to transmission coefficients be? In a classic paper by O'Doherty and Anstey (1971) the point is made that forward scattering overpowers the true direct wave in seismic reflection measurements of a layered earth. Richards and Menke (1983) show by numerical experiments that scattering attenuation can be significant and should not be neglected. Mateeva (2003) devotes an entire chapter to Distortions In VSP Spectral Ratios Caused By Thin Horizontal Layering. Plane wave analysis is used there to investigate the influence of geology on spectral ratios. By contrast, spherical waves are employed for this contribution. The Sommerfeld integral is utilized to compute synthetic VSP down going waves for a number of interface types by numerical integration. Q-factors are estimated from these down going wave fields by applying the spectral ratio method. There are interesting differences between the Q-factors selected at the modeling stage and those recovered from the computed wave fields.
Theory
The derivation of spectral ratio methods is based on the definition of the quality factor Q (see for example Tonn, 1991) . Not unexpectedly then, for a homogeneous medium, Q-factors can be recovered exactly (within numerical accuracy). A change in elastic parameters however can modify transmitted waves (as well as cause reflections) and alter the frequency response which means spectral ratios are also modified. Aki and Richards (1980, p201) give an equation for the transmitted potential of a twolayer acoustic case (Weyl/Sommerfeld integral approach). The generalization for a layered elastic earth (3D equation for a 1D earth, see for example Ewing et al., 1957) can be written as
where u pp (ω) is the P-wave displacement along the ray at the current receiver and at ω, ω is the frequency in radians, t is the time, n is the number of layers from the source down to the current receiver, α j is the P-wave velocity in layer j, T j (p) is the Zoeppritz plane wave transmission coefficient from layer j-1 to layer j, p is the horizontal slowness, ξ n is the vertical slowness of layer n, J 0 and J 1 are zero and first order Bessel functions of the first kind, r is the range (horizontal offset between source and receivers), and i n is the ray angle in layer n (at the current receiver).
A number of frequency points are computed at every receiver location (depth z) according to the desired bandwidth/wavelet. The time domain wave field can then be obtained by inverse Fourier transform.
Zero Offset Model Computations
The examples shown here test density changes, velocity changes and combined velocity/Q-factor changes. In addition to these step changes a linear velocity ramp is also considered.
Density change
The parameters for this earth model are α=2000m/s, β=879.88m/s, ρ=2400kg/m 3 and Q p =100. At approximately 600m depth an abrupt density change to a) 1200kg/m 3 and b) 4800kg/m 3 is introduced. Figure 1 shows the Q-factors estimated from the computed model traces. These Q(z) curves depend on smoother lengths and depth intervals used for estimation with the spectral ratio method. In this case the amplitude spectra of three neighboring traces are averaged and the estimation depth interval is ∆z=38m.
Velocity change
Down to a depth of approximately 600m the earth parameters for this model are identical to the previous case. Below 600m Pwave velocities α are changed to a) 2400m/s (+20%) and b) 1600m/s (-20%). Q-factor estimates obtained from the velocity step model traces are displayed in Figure 2 . Smoother lengths and estimation depth intervals are the same as used for the previous model (density step). Because of the ringing of Q-estimates shown in Figure 2 a velocity ramp model is also included. Here the P-wave velocity increase from 2000m/s to 2400m/s is introduced as a linear ramp over a depth interval of 76m starting at approximately 600m depth (the step location in previous models). Figure 3 shows the resulting velocity ramp response Qestimate. Also shown is the corresponding velocity step response Q-estimate, which is repeated from Figure 2 .
Combined velocity change and model Q-factor change For this model the P-wave velocity steps introduced above are repeated. Q p at the higher velocity is assumed to be 100, and an empirical equation given by Waters (1978) is utilized to calculate Q p corresponding to the lower velocity. The Vp/Vs ratio is also kept constant across the interface. The complete parameter list is as follows:
Step up: α 1 =2000m/s; Q p1 =69.4; β 1 =1000m/s; α 2 =2400m/s; Q p2 =100; β 2 =1200m/s.
Step down: α 1 =2000m/s; Q p1 =100; β 1 =1000m/s; α 2 =1600m/s; Q p2 =64; β 2 =800m/s.
The Q-estimates derived from the corresponding model traces are shown in Figure 4 .
Discussion and Conclusions
Away from the density step the model Q-factor of 100 is quite well recovered in Figure 1 . The departure of recovered Q from model Q at depths shallower than approximately 200m in all Q(z) displays is thought to be caused by near-field effects (see below).
The density-step response of Q(z) is somewhat smeared out because of spectral averaging and an estimation depth interval of ∆z=38m. Note that Q-estimation errors are only 2% to 3% in this case even though density has been cut in half or doubled at the step.
The Q-estimates for the velocity step situation in Figure 2 show departure ripples even away from the step location which is at approximately 600m depth. It was suggested (P.F. Daley, personal communication) to replace the velocity step with a velocity ramp to investigate departure ripples. Figure 3 shows the result for a 76m ramp and the same 20% velocity increase. Surprisingly, ripple strength has increased, but away from main peaks the basic character is very similar. The next logical step for the future will be to investigate the influence of the wavelet (bandwidth, band-edges and phase). Note the increase of Q-estimation errors in Figure 3 when compared to the density step case (shown in Figure 1 ) even though the velocities are changed by only 20%.
For the above models constant Q-factors are assumed but densities or velocities are changing. Waters (1978) formulated empirical relationships between velocities and Q-factors that postulate a Q step when a velocity step is introduced. Figure 4 shows Q-estimates from models with combined velocity steps and Q steps. Away from the step locations model Q-factors are recovered reasonably well. Interestingly, for the +20% step, departure ripples away from the step location are almost identical to the previous velocity-step-only situation.
What, then, is happening between the source location and approximately 200m depth? Figure 5 shows far-field log magnitude spectra as generated by the Sommerfeld integral for depths from 175m to 1227m (constant velocity and constant density case). The zero-phase Ormsby wavelet employed for these computations has the parameters 5/15-80\100Hz. In-band Q-factor recovery is almost perfect because spectral ratio methods are derived for these circumstances. The deeper the receiver, the steeper the log magnitude curve. Note that all spectra in Figures 5 and 6 are scaled to the same zero dB maximum. The near-field equivalent to Figure 5 , now for depths from 15.2m to 60.9m, is shown in Figure 6 . For the near-field the slopes show an opposite trend: the shallower the receiver, the steeper the log magnitude curve. The only exception can be seen for the deepest receivers (at 53.3m and 60.9m depths) above 40Hz or 50Hz. Q-estimation leads to negative Q-factors near the source and large positive Q some distance away in the near-field where the slope trend is reversed but the log magnitude curves are still almost parallel. As farfield conditions are approached the estimated Q converges with the model Q for the constant velocity and constant density situation. It is interesting to note that this kind of near-field behavior has also been observed when estimating Q from actual VSP data (Haase and Stewart, 2006) . Q-estimation errors observed for only one interface confirm the consensus found in the literature that more work needs to be done. It will be interesting to expand Sommerfeld integral computations to a multi-layered earth.
